ABSTRACT Population phenology studies in the native range of a potential biological control agent are indispensable to understand and manage the establishment of populations. At the same time, is important to know the responses of this agent to climatic variation if it were to be released in its target range. The life cycle and phenology of the armored scale Rhizaspidiotus donacis Leonardi, 1920 (Hemiptera: Diaspididae) under Þeld conditions in part of its native range, the southeast of Spain, was studied from 2008 to 2010 as part of an evaluation of this scale for biological control of the giant reed, Arundo donax L. (Poaceae) in the southÐwestern United States and Mexico, as this rhizomatous grass becomes invasive and extremely harmful in riparian areas. The results observed were that R. donacis has one generation per year. The crawlers are the infective and dispersive life stage and they occurred during spring, from March to June and the reproductive period identiÞed by the adult males emergence, was found from May to July. Temperature was one of the climatic variables considered with most inßuence on the variation of stages abundance.
perennial rhizomatous grass, with canes reaching 5Ð 8 m height. The native range of this plant extends from the Iberian Peninsula of Europe to South Asia, including North Africa and the Arabian Peninsula (Goolsby et al. 2009a ). This grass is invasive in many tropical, subtropical, and temperate regions of the world, including the southÐwestern United States and northern Mexico, along waterways in the Lower Rio Grande basin (Racelis et al. 2010) . The Rio Grande basin covers an area of Ϸ467,000 km 2 and goes through the states of Colorado, New Mexico, and Texas in the United States; and Chihuahua, Durango, Coahuila, Nuevo Leó n, and Tamaulipas in Mexico. The length of the whole Rio Grande is 3,033 km and the segment of the river that forms the border between the United States and Mexico is 2,018 km long. The basin is arid or semiarid, its ecology is fragile and it is the source of life for its ecosystems and over 13 million people. The area infested by giant reed has been estimated in 2,160 ha with an infestation rate of 0.664 ha/km 2 ). The uncontrolled growth of this plant causes serious environmental problems as the erosion of the river bed displacing the native vegetation and its associated fauna (Frandsen and Jackson 1994 , Herrera and Dudley 2003 , Going and Dudley 2008 . In addition, this grass removes economically signiÞcant amounts of water from the arid Rio Grande Basin (Seawright et al. 2009 ). Chemical and mechanical control costs are high and are sometimes ineffective, for example, with soil extraction, the removal of the plant is not fully guaranteed because of the fact that remaining rhizomes could stay buried. Therefore, substantial efforts have been made to develop biological control solutions for giant reed (Goolsby and Moran 2009; Goolsby 2009, 2010) .
Biological control of weeds is particularly wellsuited for environmental weeds that invade rangeland and riparian areas, where the objective is to reduce the target weedÕs invasiveness without harming native plants (Briese 2004) . The armored scale Rhizaspidiotus donacis Leonardi (Hemiptera: Diaspididae) (also called Ôarundo scaleÕ) was selected for evaluation against A. donax as it appeared to be one of the most widespread and damaging arthropods associated with A. donax in the subtropical regions of its native range (Goolsby et al. 2009a ). The distribution range of R. donacis includes east and southÐ east of the Iberian peninsula, the southÐ east of France, Italy, Crete, south and west of the Turkish coast and the Algerian coast. Collections have not been carried out in the Balearic Islands, Corsica, Sicily, Croatia, Bulgaria, Israel, Egypt, Morocco, Canary Isles, China, Nepal, or India, where also is possible to Þnd populations of R. donacis (Moran et al. 2011) . It was released in Texas, Unite States in early 2011 after rigorous laboratory and Þeld tests showed that the host range of armored scale is limited to the genus Arundo (Goolsby et al. 2009a ), a Þnding that was corroborated by taxonomic literature (1951; MartinÐMateo 1983, Moran and . This monophagous scale produces a signiÞcant impact on the plant, both on shoot growth (Corté s et al. 2011a) and rhizome weight (Corté s et al. 2011b) , where settled scale individuals are abundant. Greenhouse studies found decreased photosynthesis (Moore et al. 2010 ) and increased shoot mortality (Goolsby et al. 2009b) in combined infestations of the arundo scale and the arundo wasp Tetramesa romana Walker (Eurytomidae).
The life cycle of R. donacis, follows the general outline of Koteja (1990) for sexually-reproducing, viviparous species (Moran and Goolsby 2010) . Females produce live crawlers that emerge from the edge of the femaleÕs waxy scale covering. Except for shortlived winged adult males, only crawlers have capacity of movement, thus they represent the dispersive and infective life stage. In the laboratory, males complete the crawler and one additional nymphal stage, a brief pupal stage, and emerge as adults within 6 wk at 27ЊC, 60 Ð 80% relative humidity (RH), while females complete the same two nymphal stages, then the adult emerges, and spends the following 3Ð5 mo feeding and developing crawlers (Moran and Goolsby 2010) . The life cycle requires Ϸ170 d in the laboratory, which suggests that multiple generations per year can be reared under these conditions (Moran and Goolsby 2010) . However, Þeld conditions in the western region of its native range (southÐ eastern Spain) have not been studied and may differ from the laboratory tests, varying the time required per generation in R. donacis.
Incorporating native range phenological information into the planning and implementation of biological control can increase its efÞciency and effectiveness allowing for the timing of foreign exploration to coincide with seasonal cycles of selected control agents. Phenological information may also assist in the selection of agent biotypes whose life cycles are synchronized with those of the targeted host and adapted to seasonal changes in the new habitat, averting diapauses and population declines in mass-rearing, Þeld releases and leading to a better understanding of the population dynamics of pests and introduced natural enemies (Luck et al. 1995) . These studies offer valuable data to guide Þeld releases to maximize Þeld establishment of R. donacis to reduce the impact of A. donax on limited water resources in the arid ecosystems of the southÐwestern United States and northern Mexico.
The season phenology of the R. donacis under Þeld conditions in its native range is unknown. The efforts of this work were focused on understanding these unknown aspects in natural areas in southÐ eastern Spain to obtain information that could be applied in control strategies that target A. donax.
Materials and Methods
Study Sites. Field work was carried out in several areas of Alicante in the southÐ east of Spain where the climate is Mediterranean (Fig. 1) . Some of the locations were selected from the interior of the province and the others were on the coast. None of these sites are natural areas and all of them are moderately disturbed with roads and buildings existing between 500 Ð 1,000 m of distance. The size of the study sites ranged from 800 to 1,000 m Field Work. In total, 10 infested side shoots (between 10 Ð15 cm length) were selected randomly, cut with scissors and collected monthly from each location over 2 yr (June 2008 through July 2010). The samples were transported in paper bags to the laboratory, where all the individuals of scale found in the base of each side shoot were isolated, counted under a binocular magniÞer and carefully dissected, removing the armor from each individual to assess its phenological stage. The paper bags also were carefully checked to register all the specimens that had been detached from the stems during the transport. Only live individuals were scored. Individuals were scored as crawlers; early second-instars (ÔwhitecapÕ with brown fringe, sex not determinable); late second-instar females; early, not fully expanded, immature third-instar (adult) females (yellow test with wrinkles); or mature, reproductive adult females (yellow test without wrinkles). Sex ratio (female: male) for second instars and adults was also estimated.
To determine the activity period of winged adult males, yellow sticky traps (Horiver sticky traps from Koppert, Biological Systems, Berkel en Rodenrijs, The Netherlands) were used. At each site, 10 traps were placed between canes at each site with 10 m of distance between each trap. Traps were placed at 1, 5 m above ground and changed monthly. Moreover, empty male armors, which suggested the emergence of adult winged males, were considered.
Weather data for each site including daily minimum, maximum, average temperature, and RH were obtained with HOBO U10 temperature/RH data loggers, were provided by government databases (Agencia Estatal de Meteorologṍa, AEMET) or were obtained from www.meteonix.com (Table 1) .
Statistical Analyses. Data for abundance of each life stage/phase for each month and site were converted to presence/absence and graphed over time. The phenology graphics were obtained using the Origin program (OriginLab Corporation, Northampton, MA) and Canvas program (Version 9, ACD Systems, Seattle, WA). To examine the relative contribution for each life stage/phase to the population at each site, the total number of individuals of each stage/phase observed over each 1-yr period (June 2008 to June 2009, and July 2009 to July 2010) was divided by the total number of individuals scored across all life stages/ phases, and were graphed as percentages.
To know the variation of climatic variables (temperature and humidity) and stages abundance, analysis of variance (ANOVA) analyses (Steel and Torrie 1980) were carried out for each location and time using G-Stat 2.0. program (Letó n and Pedromingo 2004) .
Canonical correspondence analysis (CCA) (Braak 1986 ), using Canoco 4.5 for Windows (Braak and Smilauer 2002) , was used to determine which variables (temperature or humidity) were the most important for explaining the variation in stages abundance. This kind of analysis is suitable to determine the inßuence of two or more variables on the community composition (Braak 1986 ). The analysis was carried out for all stages to ascertain whether the inßuence of variables affects the development of the stages.
To obtain a more precise approximation on the phenology of this insect in relation to climatic conditions, degree-day analyses (single sine method) were carried out using daily temperatures records in each population. We calculated the degree-days accumulated for some stages of the scale along the 2 yr of sampling by means of the system available in www. ipm.ucdavis.edu. The temperature threshold considered for R. donacis was 5ЊC (Moran and Goolsby 2010) .
Results
The analysis of the data for all populations during the sampling period showed that R. donacis is a univoltine species on the aerial part of the plant under Þeld conditions in the southÐ east of Spain. In general, crawlers were present from April to June. For ÔCoastal 3Ј site, crawlers appeared in March during both years of sampling (too for ÔInterior 2Ј site in 2010) and were observed until July in 2010. The reproductive female peak appeared in March, but adult females were present generally from May through June. Male emergence was observed when the mean monthly temperature is equal to or higher than 15.5ЊC during May, June, and July (Fig. 2) .
The degree-day model showed that for the emergence of infective phase (crawlers) was necessary to accumulate more degree-days in populations from the interior sites that in the coastal populations. Between 8,330 and 10,000 Celsius degree-days were needed in the interior locations (1 and 2) for the crawlers emergence and for both years of sampling. Nevertheless, about half of these degree-days (around 4,000) were needed to reach this stage in the coastal sites. A similar pattern occurs for emergence of the winged males, requiring in the interior sites between 10,000 and 11,111 Celsius degree-days and between 3,330 and 6,660 recorded in the coastal sites.
In the evaluation of the age structure of populations, the reproductive females were one of the most abundant stages for the interior locations. During the 2 yr of sampling, the abundance of adult males was low (Fig. 3) . Regarding to sex ratio estimation of combined second-instar and adult scales (female: male) was 0.8 (lower-upper 95% CL, 0.6 Ð1).
SigniÞcant differences were obtained considering time (month of the year) for all stages except early second instar and female late second instar. No differences were found considering location (Table 2) . Regarding climatic variables, temperature varied signiÞcantly considering time (F ϭ 55.6; df ϭ 25; P Յ 0.001) and site (F ϭ 14.6; df ϭ 4; P Յ 0.001).
CCA analysis showed that the two canonical axes explained 100% of the stage abundance variation [Monte Carlo permutation (n ϭ 499) test for the overall Þt: F ϭ 19.8, P ϭ 0.0020] (Fig. 4) . 
Discussion
As regards on the age structure of population results, in general, the adult male stage abundance was low especially in the second year of sampling. This was probably as a result of the short life span of this stage, Ͻ2 d (Moran and Goolsby 2010) , although it is small size may have hindered its capture with sticky traps.
In the case of R. donacis, the emergence of winged adult males is reported in most cases, just at the end of femalesÕ immature third-instar register. It is likely that the emergence of these males took place earlier in the locations where this happened, but their difÞ-cult sampling limited the record.
However, the reproductive female peak appears before the records of the male ßight in all the locations. This could be partially explained by the same reason, and could explain the early birth of crawlers, even during the presence of winged males in the traps.
In general, the relative abundance of the infesting phase (crawlers) was low, which can be explained by its high capacity of movement. Field sampling probably took place at the moment when neonatal torpidity described by Koteja (1990) had occurred and crawler dispersion had been initiated. Despite this, the spring emergence of crawlers is clear.
The sex ratio in second instars and adults was close to 1, indicative of bisexual reproduction in R. donacis (Nur 1990) as in many of pest armored scales such as Quadraspidiotus perniciosus (Comstock) (Koteja 1990b) . These results agree with the laboratory observations of Moran and Goolsby (2010) .
As our results show, male emergence is reported when the mean monthly temperature is equal to or higher than 15.5ЊC. We observed this condition during April 2009 in Coastal 2 and 3 sites, when the mean monthly temperature was around 16.6 Ð17.7ЊC, while in April 2010 when the mean temperature was lower (between 12.7Ð14.4ЊC) no male emergence was registered. For the rest of the locations and both years of sampling, the mean monthly temperature of April was lower than 15.5ЊC and adult male emergence did not occur until May, when the temperatures were higher. Crawlers record took place when the mean monthly temperature was around 20ЊC.
Based on the CCA analysis, the two climatic variables considered (temperature and humidity) explained the variation in the abundance of stages quite well. Temperature tends to have a major inßuence on these results, especially on the immature stages of development and adult males. The crawlers are most active between 25Ð32ЊC, a temperature of Ϸ13ЊC being the physiological threshold; temperatures above 43ЊC are lethal (Koteja 1990a) . Temperature is assumed to be the most important factor determining armored scale life cycles in the Þeld (McClure 1990) , and the results of our work seem to indicate the same hypothesis.
To study how climatic factors such as temperature have an inßuence on insect activities (feeding, dispersion, or development). Focusing on insect development, temperature can inßuence these insects by accelerating or slowing their life cycles because of its incidence on biochemical cycles because insects are poikilothermic organisms (Marco 2001) . Therefore, is essential to predict how and when the population level of these potential agents is going to respond to these variables at the future release sites.
Taking into account the above considerations, degree-day analyses were considered in this study and showed that in general, for the key considered events (emergence of crawlers and winged males), the requirement of degree-days was lower in coastal sites than in interior sites. This fact means that for the emergence months of these stages in interior sites, more days were needed to these events had place. Therefore, more degree-days were accumulated in Interior 1 and 2 sites. In fact, in the detailed records of samplings, winged males and crawlers were observed 7Ð10 d later than in coastal sites. Insects need more time to change to another stage in sites where the mean daily temperature is lower. Moran and Goolsby (2010) studied the biology of R. donacis in laboratory conditions under two temperature regimes (constant temperature 26ЊC and variable temperature ranging from 15 to 26ЊC daily). The variable regime temperature was intended to imitate native range spring conditions in one of the known places of origin of the invasive A. donax in Spain (Goolsby and Moran 2009) , to maximize immature survival. However, a constant warm temperature typical of Rio Grande basin reduced development time to adulthood with no loss in survival, and supported maturation of mated females (Moran and Goolsby 2010) .
In our study, concerning the duration of stages, we have observed that longer development time was required for the immature stages (early second-instar, late second-instar, and immature third-instar) compared with the adult stages. This fact is because of the growing phase when crawlers become immobile but continue feeding during a prolonged period of time.
Some of the Spanish study sites (Table 1) were selected because of the very similar climatic conditions to Del Rio southÐwestern Texas, one of the selected places to carry out the releases of R. donacis. The average annual temperature is 20.5ЊC at the Del Rio release site, average RH is 67% and the altitude is 300 m above sea level (source: www.climate-zone.com). Initially, the climatic conditions were considered suitable for the optimum development of R. donacis populations at the release sites of Del Rio (Texas). In fact, early 2011, the scale releases were accepted and its establishment and reproduction have been observed (Goolsby et al. 2011c) .
The most important contribution of the results presented is the understanding of the seasonal phenology of this agent in the native range. This study shows the moment when crawlers appear in the Þeld, it takes place between March and April until June or July in some localities. This period coincides with growth time of A. donax, so the effect of R. donacis adult will be magniÞed by the action of the emerged crawlers.
R. donacis has good potential as an effective biological control agent against giant reed in warm temperate and subtropical areas of North America (Corté s et al. 2011b ) and its effects on A. donax growth can be improved by using other agents such as Tetramesa romana Walker (Hymenoptera: Eurytomidae) that coincides with R. donacis in space and time along the western Mediterranean (Spain, Portugal, southÐwest-ern France, and North Africa) (Racelis et al. 2010) . T. romana attacks young shoot tips, forming galls that reduce apical dominance, favoring the emergence of new lateral shoots, (Goolsby et al. 2009b ) a preferred aboveground structure for settlement of R. donacis scale crawlers. The combined effects of these agents may produce the level of impact required to control A. donax in areas where it is highly invasive (Corté s et al. 2011) and to avoid the expansion and the ecological damage of this weed in other large parts of Central and South America with similar climates.
R. donacis is parasitized by Aphythis acrenulatus Debach and Rosen in Europe (Garonna 1992 ) (Hymenoptera: Aphelinidae), a wasp that is not present in North America (Greg Evans, U.S. Department of Agriculture, Agricultural Research Service, Systematic Entomology Laboratory, Washington, DC). At all study sites, low levels of parasitisation were observed (E.C., unpublished data). Consequently, higher population levels of R. donacis would be expected at the release sites in the absence of parasites than the observed in the southÐ eastern Spain study sites (Corté s et al. 2011b) .
